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Structural  defects  such  as  joints  or  faults  are  inherent  to  almost  any  rock  mass.  In  many  situations  those
defects  have  a major  impact  on  slope  stability  as  they  can  control  the  possible  failure  mechanisms.  Having
a  good  estimate  of their  strength  then  becomes  crucial.  The  roughness  of  a structure  is  a  major  contributor
to  its strength  through  two  different  aspects,  i.e. the morphology  of  the  surface  (or  the shape)  and  the
strength  of  the  asperities  (related  to the  strength  of  the  rock).  In the  current  state  of practice,  roughness
is  assessed  through  idealized  descriptions  (Patton  strength  criterion)  or through  empirical  parameters
(Barton  JRC).  In both  cases,  the multi-dimensionality  of the  roughness  is  ignored.  In  this  study,  we propose
to  take  advantage  of the  latest  developments  in numerical  techniques.  With  3D  photogrammetry  and/or
laser  mapping,  practitioners  have  access  to the  real morphology  of  an  exposed  structure.  The  derived
triangulated  surface  was  introduced  into  the  DEM  (discrete  element  method)  code  PFC3D  to create  a
synthetic  rock  joint.  The  interaction  between  particles  on  either  side  of the  discontinuity  was  described
by  a  smooth-joint  model  (SJM), hence  suppressing  the  artiﬁcial  roughness  introduced  by  the  particle  dis-
cretization.  Shear  tests  were  then  performed  on  the synthetic  rock  joint.  A  good  correspondence  between
strengths  predicted  by  the  model  and  strengths  derived  from  well-established  techniques  was  obtained
for  the ﬁrst  time.  Amongst  the beneﬁts  of  the methodology  is  the  possibility  offered  by the model  to  be
used  in  a  quantitative  way  for shear  strength  estimates,  to  reproduce  the  progressive  degradation  of  the
asperities  upon  shearing  and  to  analyze  structures  of  different  scales  without  introducing  any  empirical
relation.
© 2013  Institute  of  Rock  and  Soil  Mechanics,  Chinese  Academy  of  Sciences.  Production  and  hosting  by
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s. Introduction
The presence of discontinuities is inherent to almost any rock
ass and is a major contributor to strength and deformation of rock
tructures (natural or engineering). The characteristics of those dis-
ontinuities not only control structurally controlled failures but
lso greatly inﬂuence the shear strength of the rock mass. Being
ble to describe the structure of a rock mass is critical to an under-
tanding of its potential behavior. The development of various
apping techniques leads to a higher level of conﬁdence on crucial∗ Corresponding author.
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coll@golder.co.nz (C. Coll).
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haracteristics such as location, orientation and persistence from
hich stochastic discrete fracture network (DFN) representations
f the rock fabric are developed (Dershowitz, 1995; Rogers et al.,
007). Based on numerical methods, equivalent rock mass can be
reated and tested in order to characterize its constitutive behavior
Pierce et al., 2007; Pine et al., 2007; Deisman et al., 2010). These
pproaches are now able to model the engineering responses of
ock and rock masses using some basic measured properties of
he rock and the rock mass geometry as inputs. Offering a wider
pectrum of predictions than the classical empirically-based clas-
iﬁcation schemes (anisotropy, heterogeneous, etc.), the synthetic
ock mass approach and equivalents (Pierce et al., 2007; Pine et al.,
007; Deisman et al., 2010) are turning to be a step forward for
ock mechanics practitioners. However, the question of the shear
trength of the discontinuities is in many cases poorly addressed
n engineering practice despite having a signiﬁcant impact on the
ock mass strength (Lambert, 2008).
The shear behavior of discontinuities is a combination of vari-
us complex phenomena and interactions, such as dilation, asperity
ailure, deformation and interaction. Direct shear tests on natural
ock discontinuities quickly enhanced the inﬂuence of roughness
n the mechanical behavior of discontinuities. Barton (1973) pro-
osed to assess roughness with an empirical parameter, joint
2 ics and Geotechnical Engineering 6 (2014) 1–12
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Table 1
Target (laboratory) and calibrated (calculation) bulk properties of the granite.
Method Uniaxial compressive strength (MPa) Young’s modulus (GPa)
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oughness parameter (JRC), from which the shear strength of the
iscontinuity can be established. Initially estimated by visual com-
arison with standard roughness proﬁles, correlations between
RC and various statistical parameters or fractal dimension were
stablished (Tse and Cruden, 1979; Carr and Warriner, 1989). More
ecently, laser scanner and photogrammetry were used to deﬁne
he surface topography and estimate its roughness (Grasselli, 2001;
ans and Boulon, 2003; Haneberg et al., 2007). The dependence of
hearing on the location and distribution of the three-dimensional
3D) contact area was demonstrated (Gentier et al., 2000) and new
onstitutive relations were developed based on a general descrip-
ion of roughness (Grasselli and Egger, 2003). Laser scanning and
D photogrammetry techniques were applied in the ﬁeld (Fardin
t al., 2004) for large-scale surface measurements. Asperity shape
nd distribution on a discontinuity can now be measured with a
reat detail and potentially incorporated in any analysis. However
ith the complexity of the interaction between the two  walls, a
omplete analytical formulation remains a hard task. Since the ﬁrst
dealized “saw-tooth” description proposed by Patton (1966), var-
ous constitutive models were developed that accommodate effect
f asperities (Barton and Choubey, 1977; Saeb and Amadei, 1992)
nd their progressive degradation during shearing (Plesha, 1987;
utson and Dowding, 1990; Lee et al., 2001; Misra, 2002) to name
 few. Despite being each time more advanced, these models still
ely on empirical relations or simpliﬁed descriptions of the surface
sperities.
In an attempt to address this problem, many authors used
umerical tools to assess the shear strength of discontinuities. Two-
imensional DEM (discrete element method) simulations were
rst presented as they offer a provision for asperity degradation
Cundall, 2000; Lambert et al., 2004). They have been successfully
sed to investigate gouge formation and evolution upon shearing
Zhao et al., 2012; Zhao, 2013). However these simulations were
t this stage limited to qualitative observations. Hybrid FEM/DEM
Karami and Stead, 2008) and FEM (Giacomini et al., 2008) meth-
ds proved their ability to reproduce typical behavior of rock
oints including dilation and asperity degradation. Using 3D DEM,
ulatilake et al. (2001) showed that realistic macroscopic friction
i.e. at the joint level) could be obtained combining very small
articles at the joint interface and extremely low contact fric-
ion. However this approach appears to be not very practical for
ngineering purposes. No formulation is available to calibrate the
icro-properties of the joint model material against a given macro-
copic behavior and the macroscopic friction targeted was quite
igh (friction coefﬁcient of 0.7). In the ﬁeld, discontinuities often
xhibit a much lower strength. The particle size required may  hence
ncrease the computational cost to unpractical levels. Park and Song
2009) performed numerical shear tests on standard roughness
roﬁles using the DEM code, PFC3D. This work once again high-
ighted the current limitations of particulate description as the
iscrete nature of the medium can introduce an artiﬁcial rough-
ess to the discontinuity. The apparent roughness of the numerical
pecimen is higher than the introduced roughness (i.e. the initial
oughness of the introduced surface or proﬁle). The consequence
s a slight overestimation of the strength and most importantly
nrealistic predictions of dilation. The later point can be of major
mportance as joint aperture controls ﬂuid ﬂow in the disconti-
uities (Hans and Boulon, 2003; Buzzi et al., 2008). The recent
evelopment of a new contact model named “smooth-joint model”
SJM) (Pierce et al., 2007) in PFC3D where particles are allowed to
lide past one another without over-riding one another was  a major
reakthrough to represent discontinuities as planar surfaces asso-
iated to a realistic behavior for structural defects. In this study, we
ropose to develop in PFC3D a synthetic rock joint where a digital
epresentation of a surface is introduced and described as a series
w
c
i
mLaboratory 142.5 48.4
Calculation 143.8 48.6
f SJMs. The mechanical behavior of the synthetic rock joint is then
nalyzed performing numerical direct shear tests.
. DEM simulations of constant normal stress shear tests
.1. The discrete element method
The commercially available PFC3D (Itasca, 2008) software
ackage was used for the 3D DEM simulations presented here.
nlike continuum codes, materials are described in PFC3D as a dis-
ontinuous medium as a collection of spherical rigid particles. The
articles displace independently of one another following New-
on’s second law and interact with each other through contact
orces that are generated at each contact point. Rock and more
enerally cohesive materials are represented as a bonded particle
ssembly, adding parallel bonds to create a synthetic material. A
arallel bond acts like a conceptual cementitious material between
articles. It has a ﬁnite dimension deﬁned as a fraction of the
article diameter, a tensile and shear strength and a normal and
angential stiffness. When the contact force exceeds either ten-
ile or shear strength, the parallel bond breaks and a micro-crack
orms between the particles. Micro-cracks can eventually coalesce
s external loading is applied and form fractures that can split the
aterial into clusters. The location and the failure mode of the
racks are recorded. A detailed description of contact and bond
odels is provided in the user manual (Itasca, 2008).
The mechanical response of such assemblies, observed at a
acroscopic level, is an emergent property of the complex inter-
ctions between the particles. Input parameters of the bonded
article model are micro-properties, contact properties and bond
trength, and are not measurable with conventional laboratory
pparatus. They are calibrated through an iterative process. Once
 particle size distribution has been selected, cylindrical particle
ssemblies are generated and unconﬁned compression tests are
imulated varying micro-properties until the mechanical response
f the synthetic material conforms to the mechanical properties
i.e. uniaxial compressive strength, UCS; Young’s modulus; Pois-
on’s ratio) of the physical material (measured in the lab). A detailed
escription of the calibration procedure can be found in Potyondy
nd Cundall (2004). Once properly calibrated, such bonded assem-
lies proved their ability to reproduce typical behavior of rock-like
aterials (Kulatilake et al., 2001; Potyondy and Cundall, 2004).
Properties of the granite considered for the scope of this study
re given in Table 1. The micro-properties were calibrated accord-
ngly. Normal and shear stiffnesses for contact and parallel bonds
ave impact on elastic properties of the particle assembly whereas
ond shear and normal strengths mainly control UCS values. Var-
ous studies by Cundall (2000), Kulatilake et al. (2001) and Park
nd Song (2009) illustrated the necessity to introduce low particle
riction to reproduce the shearing behavior of fracture planes in
ohesive materials. In this study, bond strengths were calibrated
onsidering zero friction between particles (p = 0◦).
Besides Potyondy and Cundall (2004) showed that particle fric-
ion impacts mainly on the post peak behavior of bulk material
ith little effect on peak strength. The inﬂuence of p will be dis-
ussed with more detail in Section 3.3. The result of the calibration
s given in Table 2 and the emergent bulk properties of the synthetic
aterial are listed in Table 1.
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Table  2
Material micro-properties for the granite sample.
Particle properties
Particle mean radius
(mm)
Particle radius ratio Particle contact
modulus (GPa)
Particle normal to
shear stiffness ratio
Particle friction
coefﬁcient
1.5 1.66 56.1 2.5 0.0
Parallel-bond properties
Parallel-bond radius
multiplier
Parallel-bond modulus
(GPa)
Normal to shear
stiffness ratio
Bond normal strength (MPa) Bond shear strength (MPa)
Mean value Standard
deviation
Mean value Standard
deviation
1.0 56.1 2.5 191 19.1 191 19.1
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(Fig. 1. Morphology of the granite surface. All dimensions are in mm.
.2. Description of the interface
The interface morphology used in the simulations is based on
 natural discontinuity in granite studied by Grasselli (2001). The
urface is 140 mm × 140 mm  and the maximum amplitude of the
sperities is around 9 mm.  Fig. 1 shows a general view of the surface.
he 3D surface was triangulated using a Kriging gridding method
ith a horizontal spacing of 1.4 mm between the grid points (in X-
nd Y-directions). Ninety nine proﬁles along the sliding direction
X-direction) were extracted for which the coefﬁcient Z2 (root mean
quare of the ﬁrst derivative of the proﬁle) was  estimated:
2 =
√√√√ 1
(N − 1)x2
n∑
i=1
(zi+1 − zi)2 (1)
here zi and zi + 1 are the elevation of two consecutive grid points
n a proﬁle, N is the total number of grid points on a proﬁle, and
x is the horizontal spacing.
For each proﬁle, a value of JRC was derived using the empirical
elation proposed by Yang et al. (2001):
RC = 32.69 + 32.98 log10(Z2) (2)
The proﬁles of the triangulated surface exhibited an average JRC
f 10.4, varying from 4.9 to 13.9. Grasselli et al. (2002) estimated a
RC of 12.5 using a quantitative 3D surface description. The value
btained by Grasselli et al. (2002) is in the range of variation of JRC
m
r
f
sig. 2. Smooth joint contact model between ball 1 and ball 2. Surface 1 and surface
 denote either side of the joint lying at a dip angle of p (after Itasca, 2008).
or individual proﬁles but appears to be slightly higher than the
verage value. However, the value of Z2 and hence the derived JRC
re sensitive to sampling intervals (Yu and Vayssade, 1991). Apply-
ng the same approach varying the horizontal spacing between the
rid points of the triangulated surface, the average JRC increases to
 value of 11.6 for a horizontal spacing of 0.56 mm (Lambert and
oll, 2009). The average JRC value of 10.4 was  considered to be a
easonable estimate of the surface roughness used for this study.
.3. The synthetic rock joint model
The numerical rock joint consists of a 140 mm  ×
40 mm × 50 mm (respectively X-, Y-, and Z-directions) paral-
elepiped particle assembly. The specimen genesis procedure is
escribed in detail in Potyondy and Cundall (2004).
For the ﬁrst series of simulations, three particle assemblies
ere generated, each one containing around 98,000 particles
aving a radius ranging from 0.5 mm (in the vicinity of the inter-
ace) to 2.4 mm.  These specimens differ from one another only in
heir packing. A discontinuity is usually represented in PFC3D by
ebonding contacts along a surface. However, the particle geome-
ry is still present and the discrete nature of the medium generates
n artiﬁcial roughness that is added to one of the introduced sur-
aces, thus creating a particle size dependent joint behavior. For
xample, the DEM model presented by Park and Song (2009) using
 standard proﬁle with a JRC of 11.49 exhibited an apparent JRC of
7.55. To overcome the problem, an alternate scheme, termed as
he “smooth-joint model” or SJM, initially proposed by Pierce et al.
2007), was implemented in PFC3D (Itasca, 2008). A smooth-joint
odel is a contact model that simulates the behavior of an interface,
egardless of the local particle contact orientation along the inter-
ace. A typical smooth-joint is shown in Fig. 2. It allows particles to
lide past one another without over-riding one another. A smooth
4 ics and Geotechnical Engineering 6 (2014) 1–12
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Fig. 3. Visualization of the synthetic rock joint sample (upper wall in orange and
lower wall in brown): (a) general 3D view; (b) horizontal cross-section through
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oint is created by assigning this new contact model to all the con-
acts between particles that lie upon opposite sides of the surface.
he SJM deﬁnes the tangential and normal directions according
o the local orientation of the surface (by opposition to the ini-
ial normal and tangential directions of the contact, see Fig. 2).
he joint normal and tangential force increments (Fnj and Ftj,
espectively) are derived from normal and tangential displacement
ncrements (Unj and Utj), multiplying by the joint stiffnesses
Fnj = knjUnj and Ftj = ktjUtj). The joint force is then adjusted
o satisfy the force-displacement relationship and mapped back
nto the global system. This new formulation accommodates the
tandard shear behavior of a joint (friction, cohesion and dilation)
ndependently of particle induced roughness. A complete descrip-
ion of the formulation can be found in the manual (Itasca, 2008).
n initial study by Lambert et al. (2010) on the behavior of a rock-
oncrete interface suggested that realistic shear behavior, shear
trength and dilation, could be obtained associating the SJM with a
rue morphology.
An algorithm was developed for the importation of the trian-
ulated surface presented in Section 2.2 into a bonded particle
ssembly. The same surface was used for each wall of the joint.
o be assigned a smooth-joint model, a contact must satisfy two
onditions: (1) the two contacting balls must lie on opposite side
f the plane containing the triangle; and (2) the projection of the
ontact location onto this plane must lie within the bounds of
he triangle. The orientation of the smooth joint, deﬁned by a dip
ngle and a dip direction, corresponds to the orientation of the
riangle. The process is repeated for every triangle of the surface.
he joint surface is hence modeled as a collection of smooth-joint
ontacts. The discontinuity was considered to be purely frictional
i.e. no bond is introduced) with a friction angle set to 20◦. No
ilation was introduced as macroscopic dilation (i.e. at the joint
evel) is expected to be an emergent property of the surface topol-
gy. The SJM parameters are given in Table 3. The output is a
40 mm × 140 mm synthetic rock joint sample (SRJ) whose mor-
hology corresponds to the natural rock joint that is being analyzed.
In this paper, “synthetic rock joint” or SRJ will refer to the dis-
rete element model of a rock joint. Its properties such as strength
r stiffness will be macro-properties (i.e. computed at the scale
f sample) and are denoted using an uppercase letter (e.g. ˚peak,
peak). The SJM on the other hand refers to a local contact on the
oint surface. Lowercase letters will be used for micro-properties
e.g. j, knj). A full 3D view of the numerical sample can be seen in
ig. 3.
During the direct shear tests, specimens are ﬁrstly subjected to
 compression along axis Z (Fig. 3) and then to a shearing along
xis X at constant normal stress. During the compression stage, the
ormal load is applied to the upper wall of the specimen while
isplacements of the lower wall are restraint. The required load is
pplied in ﬁve incremental stages. For each stage, the incremental
ormal force is equally shared between the particles of the top layer
f the specimen (i.e. between the particles whose centers are within
ne average diameter from the top of the specimen) and progres-
ively applied in 100 time steps. The system is then dynamically set
o equilibrium before proceeding to the next stage. During shearing,
isplacements along Y-axis are restrained whereas shear displace-
ents along X-axis are applied to the lower wall. The sum of contact
orces on the periphery of the upper wall is used to compute the
verage normal stress and shear stress on the interface whereas
elative normal and tangential displacements are monitored, aver-
ging particle displacements on the periphery of the lower wall
Z-displacements and X-displacements, respectively). Joint aper-
ure is deﬁned as the relative normal displacement. A particle is
eﬁned as belonging to the periphery if the distance from its center
o the closest specimen boundary is lower than average diameter.
n
f
a
aean fracture plane; (c) vertical cross-section.
icro-cracks due to bond breakage, contact force distribution and
tress–strain path are monitored during the shear tests. The direct
hear tests are run in a large strain mode. As shear displacement
ncreases, new contacts are created along the discontinuity. These
ontacts are assigned a smooth-joint contact model and the orien-
ation of the smooth joint depends on the location of the contact. A
pecial algorithm was  developed to determine which triangle of the
urface morphology is intersected by the newly created contact. As
hearing occurs, the mirror surface associated with the upper wall
oes not match the lower surface. Each contact intersects two tri-
ngles with possibly different orientations. The orientation of each
ew contact could be associated in reality with any of the two  sur-
aces or be a combination of the two surfaces. In this study, the
ssumption was made to consider only the surface morphology
ssociated with the upper wall.
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Table  3
Smooth-joint model contact parameters.
Friction angle, j (◦) Dilation angle, j (◦) Radius multiplier,  Bond mode, M Bond cohesion, cj
(MPa)
20 0 1 0 0
Bond tensile strength, Bond friction angle, bj Joint normal stiffness,
/m)
Joint tangential
stiffness, ktj (GPa/m)
Large strain ﬂag, Bl
12.5 1
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.4. Mechanical behavior of the discrete interface
Numerical shear tests under constant normal stress were per-
ormed on the SRJ for three values of normal conﬁnement. Normal
tress values of 0.5 MPa, 1 MPa  and 1.5 MPa  were applied to the
ample which correspond approximately to 0.35%, 0.7% and 1.05%
f the intact rock UCS, respectively. Those low values of nor-
al  stress corresponding to the order of magnitude of normal
tress practitioners usually have to be dealt with for slope sta-
ility problems. Fig. 4 shows the evolution of shear stress and
ormal displacement with shear displacement for one particular
acking. It can be seen that the classical elasto-plastic response
f rock joints is well captured, thus conﬁrming a good agreement
ith typical behaviors that can be observed experimentally. The
obilized shear stress increases to a peak value as roughness is
obilized and then decreases due to asperity degradation. The
eak value deﬁnes the shear strength of the SRJ (the higher the
ormal stress, the higher the shear strength). It can be noted that
he peak is reached after 1.5 mm of tangential displacement which
s on the upper limit of what is usually observed. The stiffness of
he smooth joint was probably underestimated and this question
ill be discussed in Section 3.2. The peak shear strengths were
.51 MPa, 0.9 MPa  and 1.21 MPa. The friction calculated from the
atio of peak shear stress to applied normal stress was  higher at
ower normal stresses (1.01, 0.90 and 0.81 at 0.5 MPa, 1 MPa  and
.5 MPa, respectively), enhancing a nonlinear strength envelope.
Normal displacement versus tangential displacement curves in
ig. 4 show that overall dilation of the rock joint is reduced as
ormal stress increases. As shearing takes place and roughness is
obilized, the dilation angle deﬁned as un/us increases to a max-
mum value peak (peak dilation angle) at the peak of the shear
tress.
Three different specimens were generated varying the packing
f the particle assembly. The same shear tests were simulated on
ach specimen. Peak shear strengths peak and peak dilation angles
peak are reported in Fig. 5. Peak shear strength shows a limited
ensitivity to particle packing whereas signiﬁcant variation of peak
ilation angle is observed.
The numerical shear tests performed under increasing normal
tress deﬁne the strength envelope of the model from which a Bar-
on failure criterion (Barton and Choubey, 1977) can be expressed.
n Barton’s formulation, the shear strength is expressed as a func-
ion of the JRC, joint compressive strength (JCS) and base friction
b:
p = ntan
[
JRC log10
(
JCS
n
+ ˚b
)]
(3)
here p is the peak shear stress and n the normal stress.
Barton’s failure criterion was applied to predict the strength of
he SRJ. ˚b refers to the base friction of the joint which corresponds
o the friction a perfectly smooth joint would have. The base friction
f the SRJ corresponds to the friction angle of the SJM (j = 20◦).
he JCS corresponds to the UCS of the synthetic material, 143 MPa
Table 1), and the JRC of the triangulated surface was estimated to
Fig. 4. Stress and displacement curves of direct shear tests under constant normal
stress (ranging from 0.5 MPa  to 1.5 MPa) on a 140 mm × 140 mm surface. (a) Shear
stress versus tangential displacement. (b) Normal displacement versus tangential
displacement.
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an asperity component as suggested by Barton and Bandis (1982)ig. 5. Comparison of peak shear strength and dilation angles of the synthetic rock
oint (diamond) with their respective predicted values from Eqs. (3) and (4) (dash
ine).
0.4. In Barton’s formulation, the dilation angle can be estimated
sing the following empirical relation:
peak = JRC log10
(
JCS
n
)
(4)
The predictions of shear strength and peak dilation angle of
he SRJ with Eqs. (3) and (4) were compared with the numerical
esults obtained from the simulations and can be seen in Fig. 5.
he measured strength appears to be in very good agreement with
he prediction obtained with a widely used relationship such as
arton’s failure criterion. Fig. 5 shows some differences between
he measured dilation angles and Barton’s predictions. If for the
ange of normal stress applied in this study, the measured and
redicted values are of the same order, the general trend in the
ecrease of dilation with normal stress is signiﬁcantly different.
a
i
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n overestimation of the dilation can be expected at high nor-
al  stress. However, the SRJ seems to well capture the mechanical
ehavior of a natural rock joint.
. Parametric study
The SRJ, as described in Section 2, does not rely on any empirical
cheme or any particular assumption on surface roughness. It is
enerated using a 3D measurement of the surface morphology and
ntact rock properties.
Such discrete model seems to well capture the effect of surface
oughness on the mechanical behavior of rock joints. Results of
hear test simulations show a very good agreement with Barton’s
rediction, based on JRC. This suggests that predictive estimations
f shear strength should be possible combining 3D surface mea-
urements with a smooth-joint contact model. A number of SRJ
amples were generated varying the properties of the SJM and the
article friction angle to enhance the relation between some con-
act properties and the emergent macroscopic behavior. The same
urface morphology (140 mm × 140 mm)  was introduced and the
ame particle size distribution was  used to generate the particle
ssembly representing the rock. Scale dependency and particle dis-
retization will be discussed in Section 4. A SJM is deﬁned through
ve parameters, i.e. friction, cohesion, dilation and stiffness (nor-
al  and tangential). Only purely frictional joint was considered at
his stage. No local dilation (i.e. at the contact level) was introduced
hrough the SJM as macroscopic dilation (i.e. at the joint level) is
xpected to be an emergent property of the surface’s roughness.
ffects of joint friction angle j, joint stiffnesses knj and ktj, and
article friction p were analyzed.
.1. Effect of joint friction angle
Four 140 mm × 140 mm joints were generated with a joint fric-
ion angle j ranging from 15◦ to 30◦. Direct shear tests were
erformed at a constant normal stress of 1.5 MPa. The evolution
f shear stress and normal displacement with tangential displace-
ent is shown in Fig. 6. As joint friction increases, peak shear
trength and residual shear strength increase from 1.06 MPa  to
.60 MPa  and from 0.82 MPa  to 1.16 MPa, respectively. The residual
hear strength can be characterized by relatively stable shear and
ormal stresses with degradation on joint surfaces still occurring
Gentier et al., 2000). Direct shear tests by Grasselli (2001) show
hat residual strength is reached slightly before 3 mm of tangential
isplacement. In this study, however, residual shear strength was
eﬁned as the shear stress after 3 mm of tangential displacement.
As j increases, the mechanical behavior becomes more brittle.
s expected, dilation remains unchanged and emerges as indepen-
ent of the smooth-joint friction angle. In comparison simulations
y Park and Song (2009) exhibited a signiﬁcant increase in dilation
hen friction coefﬁcient increased from 0 to 0.3 (from 0◦ to 16.7◦).
Mobilized peak friction angles ˚peak (ratio between peak shear
tress and normal stress) and mobilized residual friction angles
res (ratio between residual shear stress and normal stress) can
e seen in Fig. 7. ˚peak varies from 35.4◦ to 46.8◦ whereas ˚res
aries from 28.8◦ to 37.8◦. A very good linear relation can be drawn
etween the mobilized friction angles and the smooth-joint friction
ngle (coefﬁcient of determination of 0.999 for ˚peak and 0.987 for
res). This result is consistent with the idealized decomposition of
ock joint strength as the addition of a frictional component andnd conﬁrms that the smooth-joint friction angle j should be cal-
brated according to base friction (i.e. friction angle of a planar
urface).
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Fig. 6. Stress and displacement curves of direct shear tests under constant normal
stress (n = 1.5 MPa) on a 140 mm × 140 mm surface with a smooth-joint friction
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S
Fig. 7. Peak and residual mobilized friction angle vs. smooth-joint friction angle j
at normal stress of 1.5 MPa. Diamonds and disks represent model values and dash
lines best linear ﬁt.
Table 4
Normal and tangential stiffnesses for smooth-joint contact model.
Sample knj (GPa/m) ktj (GPa/m)
k0
nj
and k0
tj
50 12.5
5k0
nj
and k0
tj
250 12.5
s
n
d
s
t
w
r
a
s
r
t
t
d
o
n
s
t
i
a
n
d
t
b
gngle ranging from 15◦ to 30◦ . (a) Shear stress versus tangential displacement. (b)
ormal displacement versus tangential displacement.
.2. Effect of joint normal and tangential stiffness
To investigate the inﬂuence of smooth-joint normal and tan-
ential stiffnesses on the macroscopic mechanical behavior, four
ets of stiffnesses were used. The ﬁrst three samples were gener-
ted varying the joint normal stiffness, i.e. 50 GPa/m, 250 GPa/m
nd 500 GPa/m corresponding to k0nj, 5k
0
nj and 10k
0
nj, respectively.
he tangential stiffness k0tj was kept unchanged. For the last sample,
 factor of 10 was applied to both k0 and k0 (knj = 500 GPa/m andnj tj
tj = 125 GPa/m) which, by comparing with the case 10k0nj and k
0
tj,
ill provide information on the inﬂuence of the tangential stiffness.
tiffness values for each specimen are summarized in Table 4. The
i
r
t10k0
nj
and k0
tj
500 12.5
10k0
nj
and k0
tj
500 125
amples were submitted to a numerical shear test under a constant
ormal stress of 1.5 MPa. The evolution of shear stress and normal
isplacement upon shearing are shown in Fig. 8.
As knj increases, the overall tangential stiffness of the joint
lightly increases. knj also seems to have a slight inﬂuence on
he peak and residual shear strengths. The peak shear strengths
ere 1.21 MPa, 1.15 MPa  and 1.10 MPa  for k0nj, 5k
0
nj and 10k
0
nj,
espectively. The residual shear strength were 0.97 MPa, 0.82 MPa
nd 0.74 MPa  for k0nj, 5k
0
nj and 10k
0
nj, respectively. The relatively
mall variation in the peak and residual strength (9% and 14%,
espectively) induced by a change of one order of magnitude in
he normal stiffness can probably be attributed to a stress redis-
ribution between the two walls of the joint. Fig. 9 shows the
istribution of shear forces across the discontinuity after 1.4 mm
f tangential displacement. As normal stiffness knj increases, the
umber of asperities interacting is reduced. The maximum contact
hear force in the joint increases from 72.7 N to 227.8 N. As con-
act becomes stiffer, the true contact surface between the walls
s slightly reduced hence generating higher local stresses on the
sperities for the same external load. In addition, knj exhibits a sig-
iﬁcant inﬂuence on the dilation of the joint (see Fig. 8). If the peak
ilation angle does not show any variation, the normal aperture of
he joint (normal relative displacement) is signiﬁcantly controlled
y the normal stiffness. Final aperture (measured after 3 mm tan-
ential displacement) rises from 0.89 mm to 1.12 mm.Fig. 8 shows that an increase of the SJM tangential stiffness
ncreases signiﬁcantly with the overall stiffness of the synthetic
ock joint. No variation in the dilation can be observed. Both
ests exhibit the same dilation angles and the ﬁnal joint aperture
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Fig. 8. Stress and displacement curves of direct shear tests under constant normal
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Fig. 9. Contact shear force distribution across the joint surface at a tangential dis-tress (n = 1.5 MPa) on a 140 mm × 140 mm surface with different smooth-joint
ormal and tangential stiffnesses. (a) Shear stress versus tangential displacement.
b)  Normal displacement versus tangential displacement.
s 1.12 mm for 10k0nj − k0tj and 1.13 mm for 10k0nj − k0tj. A slight
ncrease in the shear strength can be observed. Peak shear strength
ncreases from 1.10 MPa  to 1.19 MPa  whereas residual shear
trength increases from 0.82 MPa  to 0.87 MPa. Interestingly, this
ariation is opposite to what was observed when increasing the
JM normal stiffness knj.
.3. Effect of particle frictionPark and Song (2009) suggested that for planar surfaces
article–particle friction coefﬁcient (	 = tan p) should be deter-
ined between 0.0 and 0.15 as signiﬁcant increase in the shear
trength is obtained and very little variation of the dilation angle is
placement of 1.4 mm.
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Fig. 10. Stress and displacement curves of direct shear tests under constant normal stress (n = 1.5 MPa) on a 140 mm × 140 mm surface for different particle friction angles
( ◦ ◦ rmal
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ap ranging from 0 to 10 ). (a) Shear stress versus tangential displacement. (b) No
angential displacement. (d) Number of clusters in the gouge vs. tangential displace
bserved. In this study, direct shear tests on rough synthetic rock
oints were performed under a constant normal stress of 1.5 MPa.
article friction angles of 0◦, 5◦ and 10◦ were used, correspond-
ng to friction coefﬁcients of 0.0, 0.087 and 0.176, respectively. For
ach particle friction angle, the micro-properties were calibrated
o generate particle assemblies exhibiting the same mechanical
ehavior (deformation and strength) on unconﬁned compression
est. The evolutions of the shear stress and normal displacement
pon shearing are shown in Fig. 10.
Peak and residual shear strengths increase with particle fric-
ion (j kept constant). No signiﬁcant difference materializes on the
hear stress curves before a tangential displacement of 1 mm.  After
 mm,  micro-cracking (i.e. bond breakage) in the particle assembly
c
ﬁ
r
n displacement versus tangential displacement. (c) Number of micro-cracks versus
.
ecomes signiﬁcant as can be seen in Fig. 10. The increase of micro-
racks leads to the formation of a gouge (materialized as single
articles or clusters of several particles) between the two walls of
he joint. Differences in the number of clusters forming the gouge
ppear after a tangential displacement of 1 mm (see Fig. 10d). It can
e noted that signiﬁcant degradation occurs long after the peak
hear stress. The rate of degradation however is maximal at or
mmediately after the peak. With the formation of a gouge, forces
cross the interface are transmitted not only through smooth-joint
ontacts but also through clusters of particles. Shear strength of
lled joints is highly inﬂuenced by the strength of the inﬁll mate-
ial. As the particle friction angle is increased, the strength of the
ewly formed gouge is increased. The dilation shows little variation
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Fig. 12. Variation of peak shear stress and peak dilation angle with joint size
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4ig. 11. Scale effects in the shear strength components of non-planar defects (after
andis et al. (1981)).
or the range of particle friction angles studied here. However sig-
iﬁcant increase can be expected for higher values of p as stated
n Park and Song (2009).
. Large-scale discontinuities
Bandis et al. (1981) identiﬁed two contributors to rock joint
trength: a basic frictional component (base friction) and a rough-
ess component (Fig. 11).
Geometry (or morphology) of the discontinuity (shape of the
sperities) and asperity failure (the strength of the asperities) are
he basis of the roughness component. When base friction appears
o be scale-independent and can be estimated on laboratory-scale
xperiments, the roughness component is highly scale-dependent.
oughness decreases as scale increases (Bandis et al., 1981).
umerous studies were carried out trying to quantify the scale
ependence of joint strength from which empirical relations were
roposed (Barton and Bandis, 1982):
RCn = JRC0
(
Ln
L0
)−0.02 JRC0
(5)
CSn = JCS0
(
Ln
L0
)−0.03 JRC0
(6)
Because of the scale dependency observed in the mechanical
ehavior of discontinuities, their properties should be assessed at
he relevant scale. In a rock mass, the scale of the discontinuities
anges from meters to hundreds of meters (and more). Labora-
ory methods, where scale is usually restricted to meter and below,
annot be directly extended for ﬁeld estimates.
.1. Scale dependency of SRJ behavior
In this study, scale dependency of the model was investi-
ated performing numerical shear tests on samples of various
izes. Two smaller scales were tested, 70 mm  × 70 mm and
6.7 mm × 46.7 mm,  splitting the initial surface into respec-
ively four and nine sub-surfaces which were imported into a
onded-particle assembly. Same micro-properties and particle size
istribution were used to represent the intact rock. Direct shear
ests under a constant normal stress of 1.5 MPa  were performed on
ach of the four + nine newly created synthetic rock joints. Fig. 12
hows peak shear stress (mean value and range of distribution) and
eak dilation angle (mean value and range of distribution) versus
ample size for all the tests.
Peak shear strength and peak dilation decrease signiﬁcantly for
 sample size increasing from 46.7 mm to 140 mm.  Mean peak
hear stress dropped from 1.67 MPa  to 1.37 MPa, corresponding to
 17.8% decrease. Peak dilation angle dropped from 25.4◦ to 19.9◦,
orresponding to a 21.8% decrease. Variability in peak and dilation
ngles is reduced as sample size increases. Combining the empirical
p
t
T
sn
ombined empirical relations (Eqs. (3)–(6)) (after Barton and Choubey, 1977; Barton
nd  Bandis, 1982).
elations Eqs. (3)–(6), predictions on the scale dependency of peak
riction angle and peak dilation angle are shown in Fig. 12. The SRJ
xhibits a scale dependency of its mechanical properties in good
greement with predictions based on empirical relations. However,
eak dilation angles of the SRJ appear slightly lower than those
redicted with Barton and Bandis’ relations.
.2. Effect of particle size
With the development of laser measurement systems and 3D
hotogrammetry techniques, practitioners can now have access to
opological descriptions of large discontinuities (meter and above).
hese large-scale morphologies could be used to generate large
ynthetic rock joints. Estimates of their shear strengths could hence
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fig. 13. Evolution of peak shear stress p and peak dilation angle peak with average
article diameter. 70 mm × 70 mm sample and n = 1.5 MPa.
e derived without the need for any empirical relations. However
ith the current computer limitations, a limited number of parti-
les can be used, and testing these large-scale discontinuities with
EM would require the use of larger particles. As particles become
arger than the smallest asperities, surface roughness can be arti-
cially reduced. Direct shear tests under constant normal stress
1.5 MPa) were performed on 70 mm  × 70 mm samples using dif-
erent particle size distributions, with an average diameter in the
icinity of the interface ranging from 1.29 mm to 2.56 mm.  The
hape of the particle size distribution (ratio between minimum
nd maximum radius of 1.66) and micro-properties were kept
nchanged.
Fig. 13 shows the peak shear stress and the peak dilation angle
ersus the average particle diameter. Dilation is reduced as particle
ize increases which tends to conﬁrm that the surface roughness
f the joint is reduced as particles becomes larger. The horizontal
pacing between two grid points of the surface is 1.4 mm whereas
he lowest average diameter used for these simulations is 1.29 mm,
esulting in approximately one particle per interval. No asymptotic
alue appears when decreasing the particle diameter, thus suggest-
ng that a minimum of two (or more) particles per interval should
e introduced to capture the full roughness of the surface. Interest-
ngly, shear strength exhibits no such trend. In comparison, shear
est simulations by Park and Song (2009) show no conclusive effect
n peak friction angle and peak dilation angle. A full understand-
ng of the effect of particle size with the SJM requires additional
nalyses.
.3. Signiﬁcance for large discontinuities
The surface shape or topology of a discontinuity is seen at
he micro-scale level as a series of asperities and results from
wo different components of surface texture, roughness and wavi-
ess (Belem et al., 2009). The roughness component is termed
secondary” or second order surface roughness, and the waviness
omponent is termed “primary” or ﬁrst order surface roughness.
oth orders of asperities have to be taken into consideration when
onsidering joint roughness and thus joint strength (Plesha, 1987;
ang et al., 2001; Haneberg et al., 2007). The second order asperi-
ies exhibit high angles and narrow base lengths (or wave length) in
pposition to the ﬁrst order asperities that have lower angles and
e
i
p
ad Geotechnical Engineering 6 (2014) 1–12 11
onger base lengths. The behavior of rock joints is controlled pri-
arily by the second order asperities during small displacements,
nd ﬁrst order asperities govern the shearing behavior for large dis-
lacements. Barton and Choubey (1977) ﬁrst stated that at low nor-
al  stress levels, the second order asperity controls the shearing
rocess. With increasing normal stress, the second order asperity
s sheared off and the ﬁrst order asperity takes over as the control-
ing factor. Fardin et al. (2001) suggested that a resolution of 0.2 mm
n the roughness measurement was required to correctly capture
he second order asperities whereas a resolution of 20 mm seems
ufﬁcient to capture the ﬁrst order asperities. Yang et al. (2001)
btained similar conclusions using analytical decompositions.
With the current computer capacities, capturing the effect of the
econd order asperities for large joints is currently not achievable.
owever, the ﬁrst order asperities could be accurately described for
oint surfaces of 1 m2 and above. Strength characterizations would
hen be restrained to situations where primary asperities are the
ontrolling factor.
. Conclusions
In this paper, a new DEM representation of rock joints was
resented. Numerical joints were generated combining a real 3D
urface morphology and the smooth-joint contact model. Particles
ying on opposite side of the joint surface were assigned a smooth-
oint contact. At macro-scale level, the behavior of a natural joint is
 combination of surface roughness, intact rock properties and fric-
ional contact behavior. The behavior of the synthetic rock joint is
n emergent property of the surface morphology, micro-properties
f the particle assembly and micro-properties of the smooth-joint
ontact model. The surface morphology introduced was measured
y Grasselli (2001) using a laser scanner. Micro-properties of the
article assembly were calibrated on the basis of measured intact
ock properties (UCS, Young’s modulus).
Direct shear tests under constant normal stress were simulated
nd the mechanical response of the discrete model was analyzed.
he shear behavior was compared to the expected behavior of a
oint with the same morphology, the latter being assessed with
onventional JRC based estimation methods. A relatively good
greement could be established. The effect of roughness was con-
istently captured throughout the simulations, for various normal
tresses, though the model appears to slightly overestimate dilation
nder high normal stresses.
Surface morphology was  responsible for surface roughness
nd micro-properties of the particle assembly deﬁned intact rock
ehavior; sensitivity analyses were presented to assist with the
alibration of the smooth-joint micro-properties. As expected, the
mooth-joint friction angle exhibited a direct inﬂuence only on
eak friction angle and residual friction angle only and should be
alibrated according to base friction angle. Dilation was an emer-
ent property of the surface roughness only whereas aperture
as inﬂuenced by the normal stiffness of the smooth joint. The
acroscopic shear stiffness was related to the shear stiffness of
he smooth joint.
The main beneﬁt of this approach is the possibility to assess the
hear strength of a discontinuity on the basis of directly measurable
roperties such as rock mechanical properties (UCS, Young’s mod-
lus), planar surface friction and surface morphology. The model
ffers the perspective of considering the 3D effect of roughness
or strength assessment. Such approach could provide a means of
stablishing a constitutive behavior that is not reliant on any empir-
cal formulation or classiﬁcation scheme and deﬁning strength
arameters for rock joints that can be used in more conventional
nalyses.
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